which are called the equations of continuity, motion and energy, respectively.
Here v is the velocity, p the density, T the temperature, and S the entropy per unit mass. Also, K is the body force, pik the stress tensor, Q the heat generated per unit volume per unit time, and q the heat flow. Extending the ideas of classical thermodynamics, we shall assume that the physical state of the fluid is specified by two thermodynamical variables, so that, for example, the pressure p, density p and temperature T are connected by a single relation:
which is called the equation of state. Thus, to specify the state of fluid motion we have, only to know five quantities, i.e. the velocity vector v with its three components and any two of thermodynamical variables. They could be determined by solving Eqs.
(1·1), (1·2), (1·3), if Ki, pik, Q and q are given. But these quantities are affected by the presence of an electromagnetic field. For the latter we-have Maxwell's equations:
where E is the electric field, B the magnetic induction, H the magnetic field, D the electric displacement, ] the electric current density, and Pe the electric charge density. Here we have adopted the rationalized MKS system. Usually we may assume that the relations hold:
D=eE, B= t-tH,
]=pev+ j,
where e is the dielectric constant, p. the magnetic permeability, and a the electric conductivity. Relations (1· 9) are valid for ordinary substances which an~ neither ferromagnetic nor ferroelectric. pev and j are called the convec-
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· 3 tion and conduction currents, respectively . Equation (1·11) expresses Ohm's law. In general, the conductivity a may be a tensor quantity depending on the magnetic field present. However, in the following consideratio ns, we shall suppose that the Hall effect is negligible and a is a scalar quantity. If the Hall effect is to be taken into account, Eq. (L~ 11) must be replaced by
where a 0 is the electric conduct1vity in the absence of a magnetic field, ne the electron number density, and e the charge of an electron. For simplicity, we assume, in this chapter, that s, p., a are constants.
It . is well known that the electromagn etic field exerts forces on the electric charge and current. Thus, the body force per unit volume of a conducting fluid is given by f=peE+]X B.
Next, it will be shown that the body force f can also be considered as due to the electromagn etic stresses prevailing in the fluid. I. Imai force due to the stress T and that the domain V possesses a momentum of electromagnetic origin, which is represented by g per unit volume. T is called the Maxwell stress. Further, it is known that the electromagnetic field possesses an energy of amount per unit volume: (1·19) and that there exists an energy flux of intensity S per unit area at any point in the field. S is known as the Poynting vector.
1·2 Interaction between the flow and electromagnetic fields
In order to so_lve the hydrodynamical equations (1·1), (1· 2), (1· 3), it is necessary to know Ki, pik, Q and q. On the other hand, to determine the electromagnetic field from Maxwell's equations (1·5) (1·8), we have to know the flow velocity v appearing in the expression for the current density J. Of course, Ki and Pik should contain the terms ft and 1~k due to the action of the electromagnetic field. Thus the flow and electromagnetic fields are closely connected with each other.
Suppose now that the fluid under consideration is a Newtonian fluid, such that the stress tensor is a linear function of the rate-of-strain tensor. Thus, we have, for the stress,
p being the pressure and 'C'ik the viscous stress given by
Here ' YJ is the coefficient of viscosity and Next, the body force K may be written m the form: 
at axk
As regar. the equation of energy (1· 3), it can be shown that the heat generation is due to Joule heating as well as viscous dissipation, so that
where
and j is the conduction current given by Eq. (1·11 
If the temperature is not too high, q<rad) can be neglected in comparison with q<cond\ -which can be supposed to satisfy the equation:
11: being the heat conductivity.
· 3 ll1agneto/lu id dynamic approximati on
The basic equations for the motion of an electrically conducting fluid in the presence of an electromagne tic field consist of a sysem of equations: the equation of continuity (1·1), the equation of motion (1· 25) or (1· 25'), the equation of energy (1· 3), combined with Eqs. (1· 27), (1· 29) and Cl· 30), and electromagne tic equations (1· 5) (1·11). However, they are so compli~ cated that it is desirable to introduce some simplification s without sacrificing the essential feature of the phenomenon.
First, let us suppose that the displacement current is negligible:
since we are only interested in fluids which are good conductors; such an assumption is usually made in the electrodynamic s of good conductors. Next we suppose that the fluid is almost neutral, so that the convection current peV 'is negligible in comparison with the conduction current j. Accordingly, we can assume
J=j=a(E+v x B)
m the following discussion.
The assumption Pe • • 0 is very good for the study of plasmas. (It may be worth-while to remark that the assumption Pe • . 0 is quite different from the assumption of exact neutrality Pe = 0, which would lead to the superfluous condition divD=O by Eq. (1·7). As will be mentioned below, the charge density pe, which is very small, is to be determined by Eq. (1· 7) after the electric field E has been found.)
Now Eq. (1· 6) reduces to rotH=j.
Substituting E from (1·11) into (1· 5) and usmg (1· 9) and (1· 33), we have
which is called the equation of induction. On the other hand, the assumption of quasi-neutrality Pe • • 0 gives the body force (1·13) in the form:
f=jXB.
This corresponds to the simplified expression for the Maxwell stress:
Similarly, the electromagneti c energy per unit volume can be given in the form: 
The fundamental equations of magneto-fluid dynamics are given by the equation of motion (1· 39) or (1· 39'), the equation of induction (1· 34), the equation of continuity (1·1), the equation of the absence of magnetic charge (1· 8), and the equation of energy (1· 3) with Eq. (1· 27). Thus the unknown quantities to be sought are the velocity v and the magnetic induction B, while the electric field E has been completely eliminated. But it must be remembered that the electric field plays an essentially important role in the phenomena under consideration; in fact, it determines the electric current j which generates the magnetic field H. In particular, in the problems concerning the flow past bodies, it is often necessary to consider the electric field in order to find the appropriate boundary conditions. Finally, substituting E from Eq. (1· 32) into Eq. (1· 9) and then into Eq. (1·7), we have pe div{; rot(~)} div{e(vXB)}, (1· 40) which gives the electric charge distribution in the fluid.
· 4 Boundary conditions
To determine the flow and electromagnetic fields we have to solve the above-mentioned system of equations under appropriate boundary conditions.
( i ) . Conditions for the flow velocity
They are the same as for ordinary fluid dynamics. For example, in the case of a solid body moving through an inviscid fluid, the normal component of the fluid velocity relative to the body should vanish at the surface of the body. For the case of viscous fluid, the relative velocity itself should vanish at the surface.
( ii) Conditions for the electromagnetic field
If the physical properties of a medium change discontinuously across a surface S, the electromagnetic field will in general suffer from an abrupt . change at the surface. 
namely, {Q} is the variation of the quantity Q when one crosses S from the ( ) side to the ( +) side. n is the unit normal vector drawn from the (-) side to the ( -1--) side. Finally, is and Ps are the ~urface current and charge density, respectively.
(iii) Conditions at the surface of discontinuity When a plasma is contained by a magnetic field or when a shock wave is propagating in a plasma, the conditions at the plasma boundary or at the shock wave are a little different from those at a solid wall. The boundary or interface conditions for the electromagnetic fi.eld are of course the same as those mentioned in (ii), but the conditions for the flow velocity v should be obtained by considering the conservation of mass, momentum and energy across the surface of discontinuity. Thus we have
Here the suffix n signifies the component normal to the discontinuity surface,
(1/2)v 2 and U are the kinetic and internal energy per unit mass of the fluid respectively, (EX B)/ 11 is the Poynting vector and q the heat flow.
As an example, let us consider the case of a shock wave travelling in a perfectly conducting, inviscid fluid: 77=0, a=oo. Then Eqs. (1·21) 
where the relation div B=O has been used.
Equations (2 ·1) and (2 ·1') have exactly the same .form as the equation of vorticity for an ordinary incompressible fluid:
where Ct>=rotv is the vorticity and v the kinematic viscosity. Therefore, we can say that the magnetic lines of force in an electrically conducting fluid behave quite similarly to the vortex lines in a viscous incompressible fluid. The quantity defined by
plays the same role as the kinematic viscosity v, so that it is called the magnetic viscosity.
For a perfectly conducting fluid (a=oo), we have it=O. Hence Eq. Returning to the general case of finite conductivity, the first term on the right-hand side of Eq. (2 ·1'), rot (v X B), gives the variation of magnetic induction which occurs even for a perfectly conducting fluid, ·that is, the variation due to the motion of magnetic lines of force frozen in the fluid. The second term .tdB represents the diffusion due to the non-uniform \distri-bution of B, as is easily seen from the analogy to the diffusion equation:
Consequently, we may say that the first term represents the "convection" and the second the "diffusion" of magnetic induction.
A rough idea of the relative importance of the two terms can be gained by considering the ratio
where U, L, B are the magnitudes of the typical length, velocity and magnetic induction, respectively. By virtue of. Eq. (2 · 3), the above ratio is
which is very similar to the Reynolds number in classical :fluid dynamics. Therefore, Rm may be called the magnetic Reynolds number. The limiting· case Rm--;,.oo corresponds to a perfectly conducting fluid.
For example, for mercury a p..-..., 1 m-2 ·sec. Thus, even for good liquid conductors available in the laboratory, the magnetic Reynolds number is of , order of unity, so that the diffusion term is not negligible ... On the contrary, for celestial bodies, this term can be neglected, bec-ause U and L are very large: Rm--;,.oo, In other words, the assumption of perfect conductor is wholly justified in the magneto-fluid dynamics of celestial bodies. Further, for plasmas at extremely high temperature such as met with in controlled nuclear fusion, the electric conductivity is very large so that the assumption Rm--;,. . oo is also valid.
· Properties of magnetic lines of force
Let us now consider the properties of magnetic lines of force. Take the x-axis in the direction of the magnetic field. Then B1 B, B2 B 3 0, so that Eq. (1· 36) gives
The expression (2 · 6) shows that a tension of magnitude B 2 /2p. appears in the direction of the magnetic field and a pressure of intensity B 2 /2p. perpendicular to the field. On the other hand, the expression (2 · 6') implies that the stress distribution can also be considered as a superposition of a uni-directional tension B 2 / p. in the direction of the magnetic field and a hydrostatic pressure of magnitude B 2 j2p.. It may be worth-while to remember that such a "magnetic pressure" B 2 /2p. becomes 1 atm at about B 5,000 gauss.
Summarizing, we can state the following intuitive theorems concerning the magnetic lines of force.
( i) Magnetic lines of force are frozen in a perfectly conducting fluid.
(ii) Magnetic lines of force diffuse in a fluid of finite conductivity. (iii) ·Magnetic lines of force resemble stretched elastic strings; they tend to contract in the direction parallel to themselves ahd expand laterally.
As an application of the last theorem, we present here a simple explanation of the Alfven wave. As is well known, a stretched elastic string can make transverse vibration and hence propagate transverse waves along it. The propagation speed is given by vTlT where T is the tension and k the linear density of the string. Suppose that a perfectly conducting fluid of density p is at rest in the presence of a uniform magnetic field B. Since the magnetic lines of force are frozen in the fluid, any arbitrary magnetic, tube of force with cross-sectional area of unity can be considered as an elastic string of linear density p when the fluid is in motion. Moreover, it is subjeted to a tension of intensity lP / p.. Hence, it can be expected that transverse waves can be propagated along the magnetic lines of force with the velocity
The possibility of occurrence of such transverse waves in a fluid, provided it is a conductor and is subjected to a magnetic field, was first noticed by Alfven (1943) . Hence they are called Alfven waves.
The speed of Alfven waves, which may be simply called the Alfven speed, is proportional to the intensity of magnetic field and inversely proportional to the square root of the density of the fluid. For example, for 
where q is the magnitude of the velocity and m =rotv,
Here Eqs. (3 ·1), (3 · 2) and (3 · 6) are obtained from Eqs. (1·1), (1· 8) and (1· 33), respectively. Equation (3 · 3) is a simplified form of the equation of motion which is derived from Eq. (1· 39) on the assumption that the density p is a definite function of the pressure p. Also it is assumed that the external force K is conservative, with potential !J: K =-grad!J. Equation (3 · 4) is obtained from Eq. (1·11) by putting a~oo and using Eq. (1· 5). ¢ is the electric potential. Multiplying Eq. (3 · 4) scalarly by v, we have
where 8 /8s represents the differentiation along a streamline. Hence we find that ¢ const. along a streamline.
Similarly, multiplication by B shows that ¢ const. along a magnetic line of force.
Accordingly, we may also say that streamlines and magnetic lines of force 
where we have put
e being a unit vector in the direction of the flow and the magnetic field at infinity upstream. Equation (3 · 3) can now be written as
Multiplying scalarly Eq. Therefore, Bernoulli's theorem is valid also in this case.
Since we have assumed a uniform flow at infinity upstream, the constant in Eq. (3 ·14) is an absolute constant. Hence Eq. (3 ·13) gives immediately Thus, the steady motion of an inviscid, compressible, perfectly conducting fluid starting from a uniform state with parallel velocity. and magnetic fields can be reduced to the problem of ordinary gas dynamics.
Finally, it should. be remarked that the flow field is in general rotational, although the corresponding hypothetical gas flow is irrotational.
· 2 Correspondence between real and hypothetical gases
In the following lines, flow quantities pertaining to the above-mentioned hypothetical gas will be called by the names with the prefix "pseudo," and denoted by a bar over their symbols. Thus p and v are called pseudo-density and pseudo-velocity, respectively (Imai, 1960) .
We now consider the correspondence between various quantities pertaining to the real and hypothetical gases. For the stream density vector defined by a=pv, . dp qdq+--0, p and the sound speed c is given by c2= dp = -pq dq_ dp dp
Hence, for the local Mach number M=q/c, we have
da _ d log a q dp a dp , -d log p-• Correspondingly we have, for the hypothetical gas,
where Eqs. (3 · 26), (3 · 24), (3 · 24') and (3 · 28) have been used. Hence (3. 30)
The basic equation for the hypothetical gas can be written, in terms of the pseudo-velocity potential (f), as
and c is the pseudo-sound velocity, so that
Our problem is now to find the solution of Eq. (3 · 31), which will give the pseudo-stream density ii and hence the real stream density a and magnetic induction B by Eq. (3 · 26). Then the real velocity 'V can be found from a by use of tlw well-known procedure of Qrdinary gas dynamics, Alfven number A crosses the critical value 1, as is obvious from Eq. (3 · 24).
It must be emphasized that M 2 and A 2 are not independent of each other for any given flow field, but are related by a certain functional relation. For example, for a perfect gas obeying the adiabatic law, pocp'~, we have 2 varies in a complicated manner: thus, it first decreases to -oo (in the region V), jumps up to + oo and continues to decrease to a minimum less than unity and then increases to + oo. It can be shown that such a minimum takes place on the curve:
which is a hyperbola in the (M 2 , A 2 ) plane, as shown by a dot-and-dash line in Fig. 1. 
§4. Magneto-fluid dynamic waves
In §2 · 2 we have explained the Alfven wave in an intuitive manner, using the analogy which exists between the magnetic lines of force and stretched elastic strings. In this section we shall discuss the propagation of small disturbances in a compressible, perfectly conducting medium in the presence of a magnetic field, on the basis of the fundamental equations of magneto-fluid dynamics.
4·1 Equations for small disturbances
Consider an inviscid, compressible, perfectly conducting fluid at rest in a uniform magnetic field B=Be, where e is a unit vector and B a constant. For such a fluid, the equations of motion, continuity, induction, and energy can be expressed in the form :
Dt at
Evidently, the equilibrium state given by Let us now choose the coordinate axes in such a manner that the imposed magnetic field is parallel to the x-axis and that the wave number vector IS m the xy-plane (Fig. 2) 
and hence the phase velocity is given by a cosfJ.
In this case, the :first and second equations of ( 4 ·18) permit only the trivial solution:
Vkx=Vky=O.
Consequently, such a plane wave as has a velocity component perpendicular to both B and k has no other velocity components and is propagated with velocity a cosfJ. The situation is just what one observes when an Alfvtfm wave travelling with velocity a along the direction of B is projected on the direction of k. In short, the first group just corresponds to the Alfven wave. Next we consider the second group. Thus, from the first and second equations of ( 4 ·18) we have the secular equation:
where w/k is the phase velocity. Equation (4·21) has two solutions:
It is easy to see that d>c~:ZO, so that c+ and C-are both real. Consequently, there exist two kinds of plane waves which are propagated with velocity c+ and C-. They may be called the fast wave and the slow wave, respectively. It may be interesting to note that c+, c_ are symmetric functions of a and c. Let us now consider some special cases.
( i ) Absence of magnetic field
In this case a B/Vpp 0. Therefore Eq. (4·22) g1ves
The fast wave degenerates to the ordinary sound wave. Here max and min stand for the "greater value of" and the "smaller value of," respectively. Further, Eqs. ( 4 ·18) show that 'Vkx = 0 for V =a and Vky 0 for V=~c. T'hus, in this case, the two waves degenerate into a pure sound wave (longitudinal) and Alfven wave (transverse). 'I'herefore, only the longitudinal wave, with velocity c+, can be propagated perpendicularly to the magnetic field. Figure 3 presents the variation of the phase velocities of the three waves as functions of the angle (} (for the particular case of c/ a -.12).
In general, any arbitrary small disturbance can be represented as a linear combination of the above-mentioned three kinds of plane waves with phase velocities a cosO, c+, C-. It is to be remembered that the phase velocities depend only on the direction of propagation but not on the angular frequency I. Imai w and the wave number k, so that dispersion does not take place. Consequently, the plane magneto-fluid dynamic wave does not change its form during its propagation.
Of course, this conclusion has been derived from the assumption that the fluid is inviscid and perfectly conducting. If the fluid is viscous or finitely conducting, we must expect the occurrence of the phenomenon of dispersion.
4·3 Magnetofluid dynamic wave due to a point disturbance a
Suppose that a small disturbance is
produced at a point 0 in an electrically B conducting, compressible fluid at rest. In the absence of m~·:::netic field the disturbance is propagated as a spherical sound wave. What will occur if a uniform magnetic field is applied to the fluid? Owing to the variation in the propagation speed with the direction of propagation, the wave front is naturally not spherical. Its form can be determined in the following manner. According to Fourier's theorem, all disturbances can be considered as a superposition of plane waves propagating in various directions. For example, a plane wave which is propagated in the direction e' (k=ke') travels .a distance Vt in time t, the phase velocity V(e') being a function of e'. Since the wave front can be obtained by superposing plane waves, the form of the wave front (at time t = 1) generated by a point disturbance at t = 0 is obtained by forming the envelope of a system of planes which cut the "surface of phase velocity" r= Ve' making a right angle with the radius vector r.
Corresponding to three kinds of waves there are three wave fronts. They are of course rotationally symmetric about the direction of the applied magnetic field B. The meridian cross section is as shown in Fig. 4 .
The wave front corresponding to the fast wave is an oval whereas that corresponding to the slow wave consists of a pair of curvilinear triangles with cusped vertices. The wave front corresponding to the Alfven wave is simply a pair of points situated on the magnetic line of force passing through the source of disturbance.
The form of the wave front is of particular importance for the study of steady flow of a conducting fluid past a body. To get a rough idea of the situation, let us first consider the problem in ordinary gas dynamics. Then the wave front is a sphere of radius c with its centre at the origin 0, c being the sound speed. Suppose that a body is moving at a constant velocity l! in ____..,.
the fluid at rest. 'Take a point P such that OP= U. If I U I the point P is exterior to the sphere, so that a family of tangents to the sphere can be drawn from P, forming a circular cone with vertex at P. It can readily be seen that the cone is the envelope of waves sent out from the moving body, namely it is the so-called Mach cone. In the reference system fixed to the moving body, the flow is steady, and we may conclude as follows. Mach waves appear in the supersonic flow I U I
and not m the subsonic flow
IUI<c.
In a similar manner, we can determine whether or not a surface of discontinuity appears in the steady flow of a conducting fluid in the presence of a magnetic field. For this purpose, we have only to take the point P corresponding to the velocity vector and see whether tangent cones with vertex P can be formed to the wave surfaces shown in Fig. 4 .
The diagrams shown in Figs. 3 and 4 are sometimes called Friedrichs's diagrams.
As an example, let us consider the case in which the flow is parallel to the magnetic field. The point P is then located on the .x-axis. Referring to Fig. 4 , which is drawn for the case c>a, it is not difficult to see that four different cases can take place:
The cases (i) and (iii) are characterized by the existence of waves similar in nature to Mach waves formed by the envelope of the fast and slow waves respectively; thus they are of hyperbolic type. On the other hand, the cases (ii) and (i v) are elliptic, since there exists no surface of discontinuity.
If c<a, similar considerations lead to the conclusion that
The case (iii) is especially interesting for the fact that it is hyperbolic although the flow is subsonic (U<c) and that the wave of discontinuity is inclined upstream. This point will be discussed in more detail in Chapter II. Finally, it may be interesting to note that the above example is one of flow with an aligned magnetic field, which has been treated rigorously in §3. In fact, the cases (i), (ii), (iii) and (iv) correspond to the regions III, I (or II), IV and V in Fig. 1, respectively. 
§5. Approximation methods
Since the basic equations of magneto-fluid dynamics are non-linear, exact solutions are available only for some special cases, such as the flow of an inviscid, perfectly conducting fluid in an aligned magnetic field (treated in §3), the Hartmann flow (to be discussed in Chapter III) and Ra: ~eigh's problem (to be treated in Chapter II). Therefore, in order to study various problems · of practical interest, recour~.e must be had to some approximation methods. In what follows we shall present approximate treatment based on the linearization of fundamental equations (Imai, 1960) . In § §3 and 4 we have already gained some insight into magneto-fluid dynamic characteristics of compressible media, by assuming the absence of viscosity and electrical resistance. Accordingly, we now consider the magneto-fluid dynamic flow of a viscous and finitely conducting fluid, but assuming incompressibility for the sake of simplicity.
In this case, the equations of motion and of induction can be expressed, respectively, as
where p, v, a, p are assumed to be constant. Suppose now that a uniform flow of velocity Ue' takes place in a uniform magnetic field Be, where e and e' are unit vectors. Suppose further that the uniform flow is perturbed by an obstacle, which may be either at rest or in motion. Let us write
and assume that b* and v are small of order e, say. Then, substituting Eqs. 
where A= 1/ a,u is the magnetic viscosity and (5·6) is the so-called total pressure, being the sum of static and magnetic pressure.
Here the x-axis is taken in the direction of e and s is the distance measured along the direction of e', so that
It is convenient to rewrite Eqs. and non-dimensional variables
where l is the typical length. R, Rrn, A, a are the Reynolds number, magnetic Reynolds number, Alfven number, and Alfven speed respectively, and K is the so-called Hartmann number to be explained in Chapter III. It is also convenient to write 
Thus the total pressure must be a harmonic function.
It can be shown that P can be eliminated from Eqs. (5 ·12) and (5 ·13 
Thus the velocity and magnetic field appear in the final system of equations (5 ·18) in quite a symmetric form. Moreover, we can eliminate b 1 or V1 from Eqs. (5 ·18a) and (5 ·18b) to obtain the fourth-order equation for V1 or b1 respectively:
(5 ·19) T'he above system of equations has been obtained for the general case of unsteady motion in the presence of uniform flow and magnetic field. Therefore, it comprises two important special cases: the steady flow past a body in a magnetic field, both flow and field being uniform at infinity; and the unsteady motion of a conducting fluid slightly disturbed from the equilibrium state in a uniform magnetic field. Of course, to obtain the appropriate governing equations, we have only to put ajat 0 in the above system of equations for the former case and 8/8s=O for the latter.
It will be seen below that the fourth-order equation (5 ·19) can be reduced to a pair of second-order equations of the Oseen type for the special cases R Rm or e e'.
·1 Basic equations for some special cases
Here we consider some particular cases on the basis of Eqs. (5 ·17) and (5·18). 
respectively. Here K', K" can be readily obtained from Eq. (5·29) as 
The reduced basic equations (5 · 33) are again of the Oseen type. Hence there appear also two wakes W 1 and Wz around the x-axis. It is easy to see that R1 0 according as A~ 1, whereas R2>0 always. Consequently the wake w2 is always situated along the positive x-axis, while the wake wl appears around the positive or negative part of the x-axis according as the Alfven number A is larger or smaller than 1.
Except for the above-mentioned two special cases (iii) and (iv) there does not seem to exist such a simple asymptoti.c behaviour of fluid flow at great distances from a submerged body, namely the occurrence of well-defined two wake regions embedded in the irrotational (m 0) and current-free (j 0) 
It may be interesting to note that the Stokes approximation in magneto-fluid dynamics is governed by the equations of the Oseen type in ordinary fluid dynamics. Further, it must be emphasized that, in the Stokes approximation, unsteady as well as steady motion can be dealt with on the basis of the above formulation.
· 2

General expressions for Stokes approximation
For the cases of three-dimensional flow past an arbitrary body, which may be at rest or in any arbitrary motion, explicit expressions for the flow and magnetic field have been obtained by the use of the formulation given in the above section (v) (Imai, 1960) .
For simplicity, only the results will be presented here. 
V= U(e' -1-v), B=B(e-1-Rmb),
From Eqs. (5 · 43) and (5 · 44), it is obvious that the flow field contains two wake regions. Namely, the terms containing e-~ or E(~) represent a paraboloidal wake extending in the direction of the negative x-axis, while those containing e-"" or E(r;) a wake around the positive x-axis, on account of the exponential decay of functions e-i: and E ( ~). The region outside the two wakes is only influenced by the DW~ terms 7 and thus ha,s a character of two-dirnensional Moreover, the formulae for the force F and moment M acting on the body can be found by considering the balance of momentum and angular momentum contained in the region between the body surface and a very large closed surface enclosing the body. We have 
Mz
. 2n:pJ.I U {DW + 2 (Ai?)) + A~6°))}.
(5 ·54)
Thus F and M are determined by a few first terms of the series expression for v or b. This fact may be interpreted as a generalization of Kutta-Joukowski's theorem in the two-dimensional aerofoil theory to magnetofluid dynamics.
Finally, it may be added that on account of the conditions (5 ·50), Eqs. with arbitrary coefficients C~it.). Here, v<Nl, b(N) , p<Nl are defined as follows. . r. 
